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Abstract
The pH of the culture medium is an important indicator of the well-being and growth of cultured cells. In order to sustain
favourable growing conditions for the cells, pH level must be controlled.  Here, we describe a simple and compact capillary type
hydrogen ion selective electrode (ISE) for evaluating pH level of culture medium of human embryonic stem cell (hESC) -derived
neuronal cells. The polymeric membrane of the ISE is based on poly(vinyl chloride) doped with tri-n-dodecylamine (TDDA)
ionophore. The pH of the culture medium was measured for 12 days with an array of 4 ISEs. Developed electrodes had a non-
toxic effect on the cells in a measurement period of 82 hours. The ISEs were suitable for short (<1h) measurement periods. The
results showed that the pH level of the medium decreases linearly day-to-day due to the cell metabolism in the culture.
© 2010 Published by Elsevier Ltd.
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1. Introduction
Human embryonic stem cell (hESC) -derived neural cells have many possibilities in areas of drug screening,
developmental research and tissue engineering [1]. A lot of effort has invested into optimizing the culture
environment of those cells, but still little is known about the long term stability of culture conditions. HESCs are
differentiated into neural cells for 6 to 8 weeks in suspension culture [2] and are thereafter able to form functional
neuronal networks in vitro during several weeks in culture [3].  Thus, a long term monitoring is needed for
sustaining optimal conditions for those cells. One important indicator of the well-being and growth of in vitro
cultured cells is the pH of culture medium [4]. Here, we present a simple capillary type poly(vinyl chloride) (PVC)
-based hydrogen ion selective electrode (ISE) for evaluating pH of cell culture medium repetitively.
Some studies of monitoring pH in cell culture environment have been reported [4, 5, 6]. Measurements of cell
culture medium are usually performed with electrochemical or optical sensors. Electrochemical sensors, especially
ISEs are known for their high sensitivity and selectivity as well as for rapid response times. They are also easy to
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manufacture and low in cost which makes them an appealing alternative for cell culture monitoring.
2. Experimental
2.1. Materials
Hydrogen ionophore tri-n-dodecylamine (TDDA) (95292), plasticizer 2-nitrophenyl octyl ether (2-NPOE)
(73732), lipophilic additive potassium tetrakis(4-chlorophenyl)borate (KTpClPB) (60591), poly(vinyl chloride) high
molecular weight (PVC) (81392) and solvent tetrahydrofuran (THF) (87369) were all purchased from Fluka. Glass
capillaries were purchased from Vitrex (pipette 100 μl, 166013) and Fluka (pipette with inner diameter of 1.2 mm,
69765)
2.2. Membrane and sensor fabrication
The composition of the membrane cocktail was 1 % ionophore TDDA, 0.6 % KTpClPB, 32.4 % PVC and 66 %
plasticizer 2-NPOE [7]. All membrane components, weighting about 1.665 g, were dissolved in 10 ml of THF.  The
cocktail was thoroughly stirred with a tube mixer. The glass capillaries were dipped in the membrane solution and
air dried for 24 hours. After the evaporation of THF, flexible 100-500 μm thick PVC membranes were formed on
the tips of the capillaries. Capillaries were filled with electrolyte buffer solution (1.0 M citric acid, 2.73 M NaOH,
0.01 M NaCl) with pH 5.6. Silver wires coated with silver chloride were immersed in the internal filling solutions
and the open ends of the capillaries were sealed with Parafilm®.
2.3. Cells and growth conditions
HESCs were first mechanically cut from colonies to small cell aggregates. These aggregates were placed in
differentiation medium containing fibroblast growth factor (FGF). Cells differentiated into neural cells during 8
weeks in suspension culture. Thereafter, neural cells were plated into laminin-coated cell culture wells (12-well
plate, Nunc) in medium without FGF. After 3-7 days, the pH measuring period was started.  During measurements,
cells were kept in an incubator (37 °C, 5% CO2).
2.4. Measurement setup
The measurements were performed against a double junction Ag/AgCl reference electrode (VWR symphony,
662-1058). Voltage was measured with National Instruments DAQ Pad-6016 measurement card. All measurement
channels used, had a self made high input impedance operational amplifier (AD8615AUJZ) pre-circuit. This was
needed to prevent voltage dropping caused by the high resistance of the electrodes. Matlab® software was used for
measuring and digital filtering of the signals.
The  pH  of  the  cell  culture  medium  was  measured  with  an  array  of  4  electrodes.  For  this  purpose,  a
polydimethylsiloxane (PDMS) cover was cast using a 12-well plate cap as a mold. After drying out, through holes
were made to the PDMS cover for 4 capillary electrodes and reference electrode. The PDMS cover held the glass
capillaries tightly still and worked as a cover for cell culture at the same time.
3. Results and discussion
Performance of the ISEs was tested with potentiometric measurements before the cell culture medium
measurements. The typical performance of the electrodes is presented with the same two electrodes (1 and 2)
throughout all the figures (Fig. 1-4).
Fig. 1 shows a calibration response of the electrodes, which had a linear response over pH range 4-10. With that
range, freshly made electrodes had a slope of -54 ± 2 mV/pH. In all measurements in a period of 5 weeks, the slope
was between -45 and -56 mV/pH.
The pH range of cell culture medium is typically between 7 and 8, which was the ISEs’ main performance area of
interest. Fig. 2 shows a dynamic step response from pH 7 to 8 with steps of 0.1. In each step, 1 minute was reserved
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Fig. 1. Potentiometric response of capillary pH electrodes. Fig. 2. Dynamic step response of capillary electrodes when pH is
changed by step of 0.1 from pH 7 to 8.
for adjusting the pH of the base liquid (41 mM Na2HPO4, 86.9 mM citric acid, KOH) by adding 0.1 M KOH and
after  that  the  pH  was  let  to  be  stabile  for  5  minutes.  Fig.  2  shows  that  the  electrodes  detected  very  well  0.1  pH
change and they had a stabile response when pH was kept constant. The accuracy of 0.1 pH units is sufficient for
evaluating the stability of cell culture medium.
Also 90 % response time of the electrodes was studied. Fig. 3 shows that the time required to achieve 90 % of the
steady  state  potential,  when  pH  was  decreased  from  8.00  to  7.04  by  adding  3.7  %  HCl,  was  very  fast,  under  6
seconds.
The pH measurements of the neural cell culture medium took place inside the incubator. The electrodes were
calibrated before and after every pH measurement with buffer solutions pH 7 and 8, which were warmed up in the
incubator prior calibration to make the calibration more reliable. The electrodes were partly sterilized with 70 %
ethanol: the sides of the capillaries were wiped with ethanol moistened paper, but the ion selective membranes were
cleaned only with de-ionized water to prevent possible functionality problems that ethanol can cause [8].
The pH of the hESC -derived neural cell culture medium was measured altogether for 12 days from 2 different
well  plates  (1  and  2).  With  both  well  plates,  1  well  was  used  for  pH  measurements  and  5  wells  were  used  for
control. The viability and well-being of the cells were observed with a phase-contrast microscope throughout the
pH-measuring period.
From well plate 1, the pH was measured for 4 days with short term (1-2 hours) measurements. The cell culture
medium was not changed during this time. Fig. 4 shows that the pH of the medium decreased linearly day-to-day
Fig. 3. Step response of capillary electrodes from pH 8.00 to 7.04. Fig. 4. The pH of cell culture medium of hESC -derived neural
cells measured with capillary pH electrodes.
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due to the metabolism of the cells. Similar pH change was measured with all 4 ISEs.  A commercial pH sensor was
not used as a pH reference in this measurement but we have measured similar results from uniform culturing setups
with a commercial one.
From well plate 2, the pH was measured for 8 days. Since PVC is considered as a non-biocompatible material
because of its plasticizer [9], with this well plate we focused on studying the biocompatibility of the electrodes.
Thus, the neural cell populations were exposed for longer pH measurement periods. In 4 days, the pH was measured
for 82 hours with 4 ISEs. The electrodes were calibrated once a day. The ISEs had a non-toxic effect on the cells in
a period of 82 hours and the pH of the medium decreased similarly like with well plate 1. After 4 days, the cell
culture medium was replaced with a fresh one. During the next 4 days, the pH was measured continuously for 68
hours and the well-being of the cells was observed after that.  It  was noticed that there was a sign of toxicological
effect since part of the neural cells were unattached from the bottom of the well while control cultures remained
stabile.
With longer measurement periods (>1h), the drift, most likely caused by the protein adsorption on the membrane
surface [9], interrupted the stability of the electrodes. This was not a problem with short (<1h) measurement periods.
4. Conclusions
The performance and suitability of a capillary type ion selective electrode for cell culture measurements have
been investigated. The electrodes showed a fast and sensitive response. It was demonstrated that the electrodes suite
pH measurements in the cell culture medium for short term periods (<1h) at a time. This is adequate for evaluating
pH of neural cell populations in long term culturing since the pH level needs to be monitored only few times a day
and not necessarily measured continuously all the time. A few hours exposure a day does not seem to have a toxic
effect on cells.
The results show that the pH level of culture medium of hESC -derived neural cells decreases linearly day-to-day
due to the cell metabolism in the culture. This indicates that chemical balance of cell culture needs to be monitored
in order to optimize the growing environment for long term culturing. In future there is interest to measure other
analytes such as oxygen and lactate simultaneously with pH to get more overall understanding and the control of cell
culture environment.
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